The diurnal and seasonal variations of the northern Australian dryline are examined by constructing climatologies of low-level dynamic and thermodynamic variables taken from the high-resolution Australian Bureau of Meteorology's Limited Area Prediction Scheme (LAPS) forecasts from 2000 to 2003. The development of the dryline is analyzed within the framework of the frontogenesis function applied to the mixing ratio and the airstream diagnostics of Cohen and Schultz. A case study of 12-13 October 2002 illustrating the airmass boundaries over the Australian region is also examined. Daytime surface heating produces sea-breeze circulations around the coast and a large inland heat trough that extends east-west along northern Australia. At night, air parcels accelerate toward low pressure, increasing convergence and deformation within the heat trough. This sharpens the moisture gradient across the tropical and continental airmass boundary into a dryline. This is different than the dryline of the Great Plains in the United States, which generally weakens overnight. The Australian dryline is strongest in spring just poleward of the Gulf of Carpentaria, where the moisture gradient across the heat trough is enhanced by the coast, and the axis of dilatation is closely aligned with mixing ratio isopleths. The dryline is weakest in winter, when the heat trough is weak. The LAPS 3-h forecasts are in good agreement with observations obtained from the Automatic Weather Station network. The 3-h forecasts capture the observed diurnal and seasonal cycle of the airmass boundaries. However, the sea-breeze circulation and ageostrophic flow into the surface heat trough is limited by the model resolution. The LAPS 3-h forecasts may therefore underestimate the nocturnal intensification of the dryline, especially since the inland moisture content is overestimated.
Introduction
A front is the sloping interface between air masses of different origins and with different thermodynamic properties. Examples in the Australian region include the summertime cool changes that sweep across southern Australia, their subtropical extensions that penetrate into the low latitudes in the dry season, and the sharp sea breezes common to most of the coastline [see the review by Reeder and Smith (1998) and the references therein]. A dryline is characterized by a large change in moisture accompanied by a relatively small change in temperature and is another example of an airmass boundary (Cohen and Kreitzberg 1997; Cohen and Schultz 2005) . In the Australian region, a dryline forms inland from the northern coastlines from the diffuse moisture gradient across the tropical and continental air masses.
Despite the prominence of the dryline in the climatology of northern Australia, there have been few investigations of its structure, daily evolution, or seasonal variation. One exception is James (1992) who examined the role of a dryline in initiating convection over northeastern New South Wales (NSW) on 7 December 1979 (all places mentioned in the text are marked in Fig. 1 ). On this particular day, the synoptic environment over NSW was similar to the synoptic environment that gives rise to the dryline over the Great Plains. Over the Great Plains, moist maritime air is advected from the Gulf of Mexico to the dry plains by the southerly flow associated with a lee cyclone. In James' case study, a high pressure system centered over the Tasman Sea to the east of Australia advected warm, moist air onshore. A cold front was situated to the west of Tasmania, extending equatorward through Adelaide, which is a common summertime synoptic pattern. The strong northerlies ahead of the front advected hot, dry inland air pole-ward, producing a dryline between the drier inland air and the moist maritime air.
The aims of this paper are to document the diurnal and seasonal structure of the northern Australian dryline using the Bureau of Meteorology's Limited Area Prediction Scheme (LAPS) forecasts; to assess the degree to which the LAPS 3-h forecasts capture the diurnal variation of the low-level winds, and hence the diurnal cycle of the dryline; and to show how large-scale patterns of convergence and deformation over the northern part of the continent concentrate relatively weak gradients in the moisture into a sharp dryline.
The remainder of the paper is structured as follows. The data used are discussed in section 2. Section 3 outlines the framework used to diagnose the physical mechanism behind the formation of the dryline. Two closely connected methods are summarized briefly. The first is simply the vector frontogenesis function as derived by Keyser et al. (1988) but with the water vapor mixing ratio replacing potential temperature. The second method is that introduced recently by Cohen and Schultz (2005) to analyze the formation of airmass boundaries. This is followed in section 4 with a brief case study that sets the scene for the climatological discussions later in the paper. The case study examines the low-level dynamic and thermodynamic environment of the individual airmass boundaries. Section 5 discusses seasonal averages of the fields presented in the case study. The diagnostic methods described in section 3 are applied to the seasonally averaged fields in section 6. In section 7, the seasonal averages of the LAPS 3-h forecast are compared with the seasonal averages of the Automatic Weather Station (AWS) observations. The conclusions are presented in section 8.
Data
A network of Automatic Weather Stations is maintained by the Bureau of Meteorology over Australia and surrounding islands. Manual observations are taken also at remote outstations (the precise locations are plotted in Fig. 9 ). Together, these stations provide high-quality, regular observations of temperature, moisture, wind, pressure, and precipitation. However, the horizontal coverage provided by these stations is very sparse over the northern and central regions of Australia, which are the regions on which the present study focuses. For this reason, the analyses in this paper are based mainly on the Bureau of Meteorology's operational Limited Area Weather Prediction System (Puri et al. 1998) .
Briefly, LAPS is a combined forecast numerical model and an objective analysis scheme with a horizontal resolution of 0.375°. The forecast model is based on the hydrostatic primitive equations in coordinates, where ϭ p/p s , and includes a prognostic equation for the surface temperature, as well as parameterizations of the boundary layer physics, large-scale and convective precipitation, and radiation. Every 6 h, LAPS assimilates surface synoptic measurements, ship and drifting buoy reports, radiosonde and upper-level wind observations, satellite sounding data from the Television Infrared Observation Satellite (TIROS) Operational Vertical Sounder, Geostationary Meteorological Satellite cloud-drift winds, and single-level winds from aircraft reports.
The initial conditions are interpolated from the Bureau of Meteorology's lower-resolution Global Analysis and Prediction system and consequently are relatively featureless. Only after a few hours of integration does the mesoscale structure emerge in LAPS. Therefore, the 3-h forecasts from LAPS are used in this paper. These data are used to construct seasonal averages for 2000-2003 at 1600 and 0400 Australian eastern standard time (EST), over December, January, February (summer); March, April, May (autumn); June, July, August (winter); and September, October, November (spring). However, the results presented emphasize spring and summer, as these are the seasons in which the dryline is most prominent.
The AWS observations are used to verify the LAPS 3-h forecasts. Surface observations are taken every 3 h, starting at 0000 local standard time (LST). As there are three time zones in Australia (not including western central time), only one-third of the area is observed at any particular time and so a match between the LAPS forecast and local observations can be made for only one-third of the area at any given time. Since observa- tions in the Australian eastern standard time (EST; UTC ϩ 10) and Australian western standard time (WST; UTC ϩ 8) zones differ by 2 h, the LAPS forecast corresponding to the intermediate time is used for comparison. For example, the 1800 UTC LAPS forecast (which corresponds to 0200 WST and 0400 EST) will be compared to the 1900 UTC observations in the western time zone (0300 WST) and the 1700 UTC observations in the eastern time zone (0300 EST). Australian central standard time is half an hour behind Australian eastern standard time and one and a half hours ahead of Australian western standard time, and consequently the LAPS forecast time does not correspond to any specific local standard time.
Deformation and the development of the dryline
Airmass boundaries, including fronts and drylines, are sharpened by differential advection associated with deformation and convergence. This section outlines briefly the framework used to investigate how drylines form and why they form in a particular geographic location.
For the special case of horizontal flow, the material rate of change of the horizontal gradient of any conserved passive tracer q can be expressed as
where n ϭ Ϫ١q/| ١q | is the unit vector pointing along the tracer gradient toward lower values, s ϭ n ∧ k is the unit vector tangential to the isopleth of q, and k is the vertical unit vector. Here, q is taken to be the water vapor mixing ratio, although in the original derivation of Eq. (1), Keyser et al. (1988) took it to be the potential temperature. In addition,
and
where D is the divergence, EЈ is the total deformation, is the vertical component of vorticity, and ␤ is the angle between the axis of dilatation and the isopleths of q.
1
On a sphere with longitude and latitude , the zonal and meridional coordinates can be redefined by dx ϭ (r e cos )d and dy ϭ r e d, where r e is the radius of the earth. In this case the zonal and meridional components of the velocity are u ϭ dx/dt and ϭ dy/dt. The quantities appearing in Eqs. (2) and (3) are defined by D ϭ ‫ץ‬u/‫ץ‬x ϩ (cos )‫/(ץ‬cos )/‫ץ‬y; E ϭ ‫ץ‬u/‫ץ‬x Ϫ (cos )‫/(ץ‬cos )/‫ץ‬y, which is the stretching deformation; F ϭ ‫‪x‬ץ/ץ‬ ϩ (cos )‫(ץ‬u/cos )/‫ץ‬y, which is the shearing deformation; EЈ ϭ ͌E 2 ϩ F 2 ; ϭ ‫‪x‬ץ/ץ‬ Ϫ (cos )‫(ץ‬u/cos )/‫ץ‬y; ␣ ϭ tan
Ϫ1
[Ϫ(‫ץ‬q/‫ץ‬x)/(‫ץ‬q/‫ץ‬y)], which is the angle between the x axis and s; ␦ ϭ 1 ⁄2 tan Ϫ1 (F/E ), which is the angle between the x axis and the axis of dilatation; and ␤ ϭ ␦ Ϫ ␣.
The negative of Eq. (2) represents the material rate of change of the magnitude of the horizontal mixing ratio gradient | ١q | and has been called the accumulation of q by Saucier (1955) , although this term is not commonly used. When the conserved quantity is potential temperature, the negative of Eq. (2) is known as the (scalar) frontogenesis function. In keeping with this terminology, ϪF n will be called the mixing ratio (scalar) frontogenesis function. Equation (2) is written in a form that is independent of the coordinate system chosen and shows that total deformation increases the mixing ratio gradient provided ␤ Ͻ 45°, whereas horizontal convergence (ϪD) increases the gradient regardless of the orientation of the isopleths. Equation (3) represents the material rate of change of the direction of the horizontal gradient of q in terms of the total deformation and the vertical component of the relative vorticity . Positive relative vorticity rotates the gradient anticlockwise no matter what the orientation of the isopleths, while the deformation acts to rotate the gradient toward the axis of dilatation. Cohen and Schultz (2005) have recently developed a kinematic framework to describe the development of airmass boundaries. While their theory begins by considering the rate of change of separation between neighboring air parcels, some of the key results can be derived simply from the vector mixing ratio frontogenesis equation [Eq. (1) ]. This is not surprising, as the separation of neighboring fluid parcels and the formation of filaments is inextricably tied to the formation of gradients and the development of airmass boundaries. Provided EЈ, D, and are assumed constant (or to vary slowly), Eq. (2) integrates to give | ١q | ϭ | ١q | 0 exp(t), where | ١q | 0 is the magnitude of the mixing ratio gradient at the initial instant, and
is what Cohen and Schultz call the linear strain rate in the direction of the gradient, which represents physically the rate at which neighboring air parcels approach one another. The maximum separation rate across the isopleths, ϭ Ϫ 1 ⁄2(D Ϫ EЈ) ϵ i , is called the instan-taneous contraction rate by Cohen and Schultz and occurs when the axis of dilatation is parallel to the isopleths of q.
As shown by Eq. (3), the orientation of the mixing ratio gradient depends on the total deformation and the vertical component of the relative vorticity. For this reason, Cohen and Schultz (2005) argue that, to the extent that the flow is steady, the asymptotic orientation of an airmass boundary will be that orientation for which the rotational effects of deformation and vorticity cancel each other out. This orientation can be determined simply by setting F s ϭ 0. In this case, Eq. (3) shows that ␤ ϭ Ϫ 1 ⁄2 sin Ϫ1 (/EЈ) ϵ ␤ a , which represents physically the asymptotic angle between the isopleths of q and the axis of dilatation. Moreover, ␦ a ϭ ␤ a ϩ ␣, which is what Cohen and Schultz call the asymptotic axis of dilatation. It follows that the long-term rate at which neighboring air parcels approach each another is
2 )] ϵ a , which is called the asymptotic contraction rate by Cohen and Schultz.
Case study: 12-13 October 2002
The climatological fields, which are presented in the next section and form the cornerstone of the paper, greatly smooth the airmass boundaries and emphasize geographically fixed features. For this reason, the study begins with a brief examination of the low-level thermodynamic and wind fields in the Australian region during 12-13 October 2002. This case study shows the typical structure and evolution of the individual airmass boundaries that form the climatology.
The sharp mixing ratio gradient across northern and eastern Australia is the most striking synoptic feature of the period 12-13 October 2002 (Figs. 2a,b) . The mixing ratio gradient, which defines the dryline, is weak during the day (Fig. 2a) before intensifying throughout the night, inland of the northern coast lines (Fig. 2b) . Although not shown, the strong gradients in mixing ratio weaken again the following day. This pattern of change was frequently observed during the period ; dark shading indicates greater than 8 ϫ 10 Ϫ5 g kg Ϫ1 m
Ϫ1
. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m. [2000] [2001] [2002] [2003] . In contrast, drylines observed over the Great Plains are usually strongest during the afternoon and weakest overnight (Schaefer 1986 ). Typical maximum values of the mixing ratio gradient in the LAPS 3-h forecasts were 1-1.5 ϫ 10
. There is little diurnal movement in the position of the sharp mixing ratio gradient.
The potential temperature maximum that occurs in the northwest of the continent (17°S, 125°W) is another regular feature of northern Australia. A secondary maximum is typically located southeast of the Gulf of Carpentaria in northern Queensland (20°S, 142°W). As shown in Figs. 2a,b, these two maxima form the western and eastern ends of a heat trough that extends across northern Australia (Fandry and Leslie 1984; Kepert and Smith 1992; Adams 1993; Spengler et al. 2005) . The dryline forms in the same location as the daytime heat trough.
Dewpoint temperatures are available for 1020 EST 12 October and 1050 EST 13 October over northeastern Australia from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite. Although not shown, the corresponding LAPS 3-h forecasts are highly consistent with MODIS observations.
With the cessation of surface heating overnight, there is a large rearrangement in the low-level flow. Radiative cooling leads to the development of a stable layer of air at the surface. Turbulent mixing is suppressed within the stable layer and the surface winds subsequently readjust to a new balance of forces. During this readjustment, the ageostrophic component of the wind is accelerated down the pressure gradient (Figs. 3a,b) . With time, the Coriolis force produces an anticlockwise inertial turning of the winds. A similar process has been documented by May (1995) in a study based principally on radiosondes across the continent and boundary layer observations taken by a wind profiler at Mt. Isa. In northern Australia, air is accelerated toward the inland . The MSLP contour interval is 2 hPa. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m. AUGUST 2007 heat trough from both the dry and moist sides of the dryline (Figs. 3a,b) . The mixing ratio gradient is subsequently sharpened where there is convergence into the heat troughs. The maximum mixing ratio gradient occurs prior to sunrise, after which the onset of surface heating destroys the stable layer. Turbulent mixing weakens the ageostrophic flow into the trough, and the sharp mixing ratio gradient is eroded. Figure 4 shows the instantaneous contraction rate, the instantaneous axis of dilatation, and the mixing ratio at 1300 EST 12 October and 0100 EST 13 October. The instantaneous contraction rate, which measures the maximum rate at which air parcels approach one another, is much larger in the early hours of the morning than in the early afternoon. Typically, the maximum contraction rates occur around 0100 EST while the mixing ratio gradient continues to strengthen until sunrise. This pronounced increase arises from the nocturnal acceleration of the ageostrophic flow toward the heat troughs as described above. The largest instantaneous contraction rates occur along the axis of the heat trough, producing the sharp mixing ratio gradients inland of the northern coasts and south of the Gulf of Carpentaria. Large instantaneous contraction rates occur overnight also along the cold front that extends through central and southern Australia. Like the north Australian dryline, the cold front over subtropical Australia strengthens overnight and weakens during the day (Smith et al. 1995; Deslandes et al. 1999; Reeder et al. 2000; Reeder and Tory 2005) . For the most part, the instantaneous axis of dilatation, which indicates the direction along which fluid parcels are stretched most rapidly, is aligned with the regions of strongest mixing ratio gradient.
Average low-level fields
The brief case study presented in section 4 shows that the low-level synoptic environment of northern Austra- ; dark shading indicates rate of contraction greater than 8 ϫ 10 Ϫ5 s
Ϫ1
. The mixing ratio contour interval is 2 g kg Ϫ1 m
. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m. lia changes very significantly from day to night, leading to the development of a dryline within the heat trough. This section examines the mean diurnal changes of the low-level environment during each season and illustrates that the development of the dryline is a regular nocturnal feature of northern Australia through the spring and summer. Figures 2a,b show that the largest moisture gradients occur at the boundary between the moist tropical and dry continental air masses. While the coastal gradient is relatively weak compared to the strong gradient that marks the dryline, the coastal gradient occurs every day in the same geographical location, and consequently masks the signal of the dryline, which is less frequent, more intense, and more variable in its location. For this reason, the model points in the LAPS 3-h forecasts where the mixing ratio gradient is less than 5.0 ϫ 10 Ϫ5 g kg Ϫ1 m Ϫ1 are excluded from the calculation of the average. This simple procedure effectively filters the coastal gradient from the averaged fields. The nocturnal intensification of the mixing ratio gradient becomes more pronounced as the threshold is increased; however, a threshold of 5.0 ϫ 10 Ϫ5 g kg Ϫ1 m Ϫ1 enables a large number of grid points to be retained in the averages while excluding the weak coastal gradients. The geographical location of the 0400 and 1600 EST mixing ratio gradient maxima is not sensitive to the choice of threshold.
The average mixing ratio gradients are presented in Figs. 5a-f. For all seasons, the strongest gradients occur along the northern coast during the day, whereas they are located inland overnight. During spring and summer there is a pronounced nocturnal intensification of the mixing ratio gradient inland south of the Gulf of FIG. 5 . Average mixing ratio gradient and potential temperature at 925 hPa for 2000-03 at (a) 1600 EST spring, (b) 0400 EST spring, (c) 1600 EST summer, (d) 0400 EST summer, (e) 1600 EST winter, and (f) 0400 EST winter. The calculation of the average mixing ratio gradient excludes all model points in the LAPS 3-h forecasts where the mixing ratio gradient is less than 5.0 ϫ 10 Ϫ5 g kg Ϫ1 m Ϫ1 and is averaged over the number of days per seasonal average. Light shading indicates gradients greater than 0.2 ϫ 10 Ϫ5 g kg Ϫ1 m
; dark shading indicates gradients greater than 0.4 ϫ 10 Ϫ5 g kg Ϫ1 m
. The temperature contour interval is 1 K. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m.
Carpentaria (Figs. 5a-d) . The nocturnal intensification of the mixing ratio gradients over Cape York Peninsula and northwestern Australia is unique to the spring average (Figs. 5a,b) . Both the daytime coastal and inland nocturnal mixing ratio gradients are weak in autumn (not shown) and especially weak in winter (Figs. 5e,f) . For brevity, the paper excludes the autumn figures but presents winter to illustrate the contrast between the summer and spring seasons.
In all seasons, the potential temperature maximum occurs during the day in the northwest (15°-20°S, 126°W; Figs. 5a,c,e). There is also a secondary maximum to the east in northern Queensland (15°-20°S, 142°W). In spring and summer, the two potential temperature maxima form a broad heat trough that extends across northern Australia and persists into the night (Figs. 6a-d) . The highest potential temperatures within the heat trough occur in summer (Fig. 5c) , at which time it is large and lies farther poleward than the trough that develops in spring and autumn (not shown). In winter (Figs. 5e,f) the trough is not evident. These heat troughs are an important synoptic feature of the continent and are essential to the development of the dryline. Figures 5b,d show that the dryline develops within the heat trough between the coastline and the potential temperature maxima.
Typically, the strongest gradients in potential temperature are observed during the day along the coasts through spring and summer. Coastal gradients in the diabatic heating drive sea-breeze circulations, producing the sharp daytime mixing ratio gradients observed in Figs. 5a,c. The LAPS 3-h forecasts, which have a horizontal resolution of 0.375°, are unable to resolve the sea-breeze fronts that develop along the Australian coastline during the day. Nonetheless, the LAPS 3-h forecasts capture the broader-scale diabatically forced ; dark shading indicates convergence greater than 1 ϫ 10 Ϫ5 s
. The MSLP contour interval is 1 hPa. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m. circulation, generating low-level onshore ageostrophic flow through spring and summer. The ageostrophic flow is directed onshore along the northern and northwestern coastlines, and a barrier jet exists along the east coast orography. Figures 6a,c,e show that the daytime convergence is strongest in the Tropics and subtropics. In these locations, the sea-breeze circulation is a regular, well-developed feature of the climate. The variation in the inland extent of the sea-breeze front is manifest in the relatively broad region of convergence, while divergence occurs in a narrow band offshore.
There are large diurnal changes in the low-level wind field over the land at tropical and subtropical latitudes. These changes are especially prominent in the ageostrophic wind and divergence as shown in Figs. 6a-f. It is this striking rearrangement of the wind field that leads to the nocturnal intensification of the northern Australian mixing ratio gradient. Deslandes et al. (1999) documented a similar dramatic nocturnal change in the low-level wind field and showed that the enhanced convergence and deformation strengthened the two main cold fronts observed during the 1991 Central Australian Fronts Experiment [see also Smith et al. (1995) and the modeling results reported by Reeder and Tory (2005) ].
Figures 6b,d,f show clearly the nocturnal acceleration of air toward the troughs generated by the surface heating maxima (Figs. 5b,d,e) . The extent and magnitude of the convergence of the low-level flow into the heat troughs are largest in summer (Fig. 6b) and weakest in autumn (not shown) and winter (Fig. 6d) , reflecting the annual variation in the intensity of the surface heating. It is this ageostrophic flow that leads to the formation of a dryline. The diurnal changes in Figs. 6a-f also show that the Coriolis force produces a regular anticlockwise inertial turning of the ageostrophic wind. As discussed below, the daily inland advection of maritime air provides the diffuse moisture gradient that is subsequently sharpened into the dryline. Figure 7 shows the instantaneous contraction rates and the instantaneous axes of dilatation at 1600 and 0400 EST during spring. The seasonal average of the instantaneous and asymptotic axes of dilatation (not shown) is virtually the same since 2 /EЈ 2 K 1 over most of the domain. Hence the orientation of the dryline is set by the orientation of the deformation only. While the diurnal changes in the ageostrophic wind are large (Fig. 6) , the changes in the total wind are much smaller, and consequently the changes in the dilatation axes are small too. During the day the contraction rates are largest along the coastline of north and northeastern Australia, while at night contraction rates are largest in the heat trough. At a given point, the instantaneous contraction rates are larger than the asymptotic contraction rates (not shown). However, at a given time, the patterns of instantaneous and asymptotic contraction rate are very similar, although both change dramatically from day to night. A comparison of Figs. 5 and 7 shows that the dryline forms at night where the contraction rates are largest.
Development of the dryline a. Diagnosis of the airstream boundaries

b. Mixing ratio frontogenesis
A comparison of Figs. 8a-d and Figs. 5a-d shows that the climatological maxima of the mixing ratio frontogenesis function are in good agreement with the climatological maxima of the mixing ratio gradient. These figures show also that the preferred orientation of the dryline is mostly along the axis of dilatation.
During spring, the heat trough is located around 17°S, just poleward of the northern coastline, and extends east-west across to the base of the Gulf of Carpentaria (Figs. 5a,b) . As a result, the boundary between the moist tropical and dry continental air masses lies poleward of the Gulf of Carpentaria (Figs. 8a,b) . The coastal moisture gradient and the daytime sea-breeze circulation act to further enhance the moisture gradient across the heat trough. Overnight, as air is accelerated toward the pressure minima, the contraction rate across the isopleths and the magnitude of the gradient increase in the region of the heat trough (just as Figs. 7a-d show the instantaneous and asymptotic contraction rates increase). For this reason, the gradient of the mixing ratio increases along the northwestern and northeastern coasts (Fig. 8b) . While the contraction rate is weaker poleward of the Gulf of Carpentaria than in the heat troughs to the east and west (Fig. 6b) , the angle between the axis of dilatation and mixing ratio isopleths is less than 45°, and consequently the mixing ratio gradient increases rapidly (Fig. 8b) . The gradient in the mixing ratio is enhanced also to the north of Cape York Peninsula where the axis of dilatation is oriented along the mixing ratio isopleths.
The mixing ratio gradient and mixing ratio frontogenesis function show also strong and frequent development of the dryline during summer (Figs. 8c,d, 5c,d) . The heat trough and the corresponding nocturnal convergence and deformation maxima are located farther poleward than in spring, and consequently, the dryline moves farther poleward. Figures 6d, 5d show that the heat trough, convergence, and the contraction rate are strongest in summer. Despite this, the dryline is climatologically weaker both to the west of northern Austra-lia and over Cape York Peninsula when compared with spring (Figs. 5b,d ). This is a result of the weaker background moisture gradient and less favorable alignment between the axis of dilatation and mixing ratio isopleths. Since the heat trough is located farther from the coast and sea-breeze circulation, the background mixing ratio gradient is reduced when compared with spring (Figs. 8a-d) . To the west of northern Australia, the dryline is then confined to the convergence maxima in the region of the heat trough. Monsoonal westerlies advect moist air over northwest Australia and Cape York Peninsula, eroding the land-ocean moisture gradient. As a result, Cape York Peninsula is not a favorable location for the development of the dryline in summer. However, the dryline remains strong in the regions where the axis of dilatation lies along the heat trough, namely poleward of the Gulf of Carpentaria.
In the autumn and winter, the trough is weak (or absent altogether) and lies much farther equatorward than in spring and summer (Figs. 5e,f) . As a result, the nocturnal acceleration is much weaker so that convergence and the contraction rate is reduced. Since the diffuse tropical and continent airmass boundary lies over the ocean, the coastal moisture gradient and seabreeze circulations cannot act to increase the mixing ratio gradient on one side of the boundary. Thus the development of the dryline is less frequent and weaker in autumn and winter than in spring and summer, as shown in Figs. 8e,f. 
Comparison between the LAPS 3-h forecast analyses and the AWS observations
The AWS observational network is relatively sparse and irregular. As a result, it is difficult to quantify the diurnal cycle of the mixing ratio gradient in the AWS observations. Despite this limitation, the AWS observations presented in this section show strong evidence for the nocturnal strengthening of the mixing ratio gradient. The spring average of the AWS observations for 2002 is compared with the corresponding data from ; dark shading indicates contraction rate greater than 3 ϫ 10 Ϫ5 s
Ϫ1
. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m.
LAPS at ϭ 0.9988 (Ϸ10 m) with the purpose of verifying the conclusions drawn in earlier sections that were based on the 3-h model forecasts. Averages were performed only at stations that contained more than 45 observations in the spring period.
The AWS observations show the large dewpoint temperature difference between the tropical and continental air masses (Figs. 9a,b) . These figures show that LAPS accurately captures the location of this boundary. During the day (Fig. 9a) , there is a pronounced coastal gradient in dewpoint temperature, which moves inland at night (Fig. 9b) , increasing the moisture on the northern side of the dryline.
The low-level winds from the AWS observations and LAPS 3-h forecasts are compared in Figs. 10a-d . The AWS observations during the day capture the development of a strong sea-breeze circulation around the northern coastline and the heat trough across northern Australia, while at night they show an acceleration of the wind toward the heat trough and an inertial turning of the wind (Figs. 10b,d ). There is generally good agreement between the LAPS 3-h forecasts and the AWS observations of both wind speed and direction. The AWS observations verify the nocturnal acceleration of the low-level winds toward low pressure that occurred in the LAPS 3-h forecasts. It follows that the nocturnal low-level winds in the AWS observations will act to increase the background mixing ratio gradient.
Nonetheless, there are some noteworthy differences between the AWS observations and the LAPS 3-h forecasts. First, the sea-breeze onshore winds are not well resolved in the LAPS 3-h forecasts (Figs. 10b,d) . As a result, the LAPS 3-h forecasts probably underestimate the subsequent advection of moist air inland. Second, the pressure minima in the heat lows are underestimated in LAPS 3-h forecasts (AWS observations of pressure are not shown), reducing the nocturnal acceleration of the wind toward low pressure. Third, over ; dark shading indicates mixing ratio frontogenesis rate greater than 2.5 ϫ 10 Ϫ10 g kg Ϫ1 s Ϫ1 m
. The ordinate is longitude in degrees; the abscissa is latitude in degrees. The blank areas enclosed with a solid dark line indicate topography above 500 m. the dry interior of the continent when the observed dewpoint is typically less than 5°C, the error in LAPS can be as high as 15°C during the day (Fig. 9a) and 10°C during the night (Fig. 9b) . In contrast, over the coastal and southern parts of Australia the moisture contents are in much better agreement with observation. It is not clear why the differences in dewpoint temperature can be so large, but the three most likely sources of error are the sparseness of the observations in the arid parts of the continent, the soil moisture scheme that estimates surface evaporation from climatology, and the boundary layer scheme, which may underestimate evaporation over the oceans. The differences between the AWS observations and the LAPS 3-h forecasts suggest that the forecasts may underestimate the nocturnal increase in the moisture gradient, through underestimating the extremes in the moisture content of the air masses on either side of the boundary and the acceleration of air toward that boundary.
Conclusions
The most prominent airmass boundaries in the seasonal and diurnal climatologies of the Australian region are those that are determined principally by geography. These are the sea-breeze fronts and the dryline. The sea-breeze circulation is a regular feature around the northern coastline, which is strongest through spring and summer when the surface heating is most intense. The sea breeze advects tropical maritime air inland, producing a diffuse strip of moist air around the coastline. The dryline develops overnight from the weak boundary between the tropical and continental air masses. Like the sea-breeze circulation, the dryline is strongest in spring and summer. In contrast to the dryline of the Great Plains in the United States, the Australian dryline strengthens overnight.
The climatologies reveal a dramatic diurnal rearrangement of the low-level flow. During the day, sur-FIG. 9. Average dewpoint temperature for spring 2002. LAPS 3-h forecasts at ϭ 0.9988 (contours) and the AWS observations at 10 m (filled boxes). The contour interval is 2 K. Light shading indicates dewpoint temperatures greater than 288 K, medium shading is from 278 to 288 K, and black shading is temperatures less than 278 K. LAPS 3-h forecast at (a) 1600 EST and AWS observations at 1500 LST and (b) 0400 EST and AWS observations at 0300 LST. The ordinate is longitude in degrees; the abscissa is latitude in degrees.
face heating leads to the formation of an extensive heat trough across northern Australia. It is centered to the northwest of the continent and extends eastward, from poleward of the Gulf of Carpentaria to the base of Cape York Peninsula. The location of the trough shifts from 20°S in summer to well equatorward of Australia in winter, as the latitude of the maximum of solar insolation moves with the seasons. At night, radiative cooling leads to the development of a stable layer and surface friction is reduced. As surface winds readjust to a new balance of forces, air accelerated toward low pressure. This increases the low-level convergence and deformation within the heat trough.
Convergence acts to compress the background moisture gradient in the region of the heat trough. Deformation increases the moisture gradient where the angle between the axis of dilatation and the mixing ratio isopleths is less than 45°. These processes lead to the nocturnal intensification of the diffuse moisture gradient across the tropical and continental airmass boundary. The largest increases to the moisture gradient occur where the heat trough, and hence the axis of dilatation, is aligned with the background moisture gradient. Hence the dryline develops where the mixing-ratio frontogenesis is largest, which is also the location predicted by the airstream boundary diagnostics of Cohen and Schultz (2005) . These results suggest that the dryline is a product of differential moisture advection and that differences in the surface fluxes of moisture play little part. Moreover, while the dryline develops in the extensive heat trough that lies across northern Australia, the vorticity was found to be small in comparison with the deformation. Consequently, the instantaneous and asymptotic axes of dilatation were almost identical, as were the instantaneous and asymptotic contraction rates.
The moisture gradient across the tropical and continental airmass boundary is especially strong in spring, as the heat trough lies just poleward of the Gulf of Carpentaria. The coastal moisture gradient and the seabreeze circulation enhance the moisture contrast across the trough. As a result, the dryline is most intense in spring, rather than in summer when the heat trough is stronger but located farther poleward. The dryline is weak and less frequent in autumn and winter when the heat troughs are less well developed, and the tropical and continental airmass boundary lays equatorward of the Australian continent.
The LAPS 3-h forecasts were found to be in good agreement with the AWS observations, although there were some discrepancies in the magnitudes of low-level variables; LAPS 3-h forecast overestimated the inland moisture, and the representation of the sea-breeze circulation and the surface heat trough was limited by the model resolution. As a result, the LAPS 3-h forecasts may underestimate the nocturnal intensification of the dryline.
The diurnal cycle of the northern Australian dryline is opposite to that documented for the Great Plains of the United States. In both the northern Australian and Great Plains environment, radiative cooling leads to the development of a nocturnal stable layer. However, nocturnal acceleration of air toward low pressure does not strengthen the moisture gradient over the Great Plains to the extent that is evident over northern Australia. Rather, horizontal mixing within the stable layer weakens the moisture gradient (Schaefer 1986) .
At night, moist air over the Great Plains is confined below a temperature inversion with dry air aloft, and the remnant daytime mixed layer is shallower over the higher terrain. During the day, solar heating and the resultant mixing cause the shallower end of the boundary layer to grow more rapidly than the deeper part of the boundary layer. Consequently, dry air is entrained at a greater rate into the boundary layer at higher elevation than at lower elevation, which in turn sharpens the dryline. However, over northern Australia, the topography is flatter than in the Great Plains, and the moist side of the dryline does not have a sharp top. Turbulent mixing erodes the sharp moisture gradient across the dryline as ageostrophic flow into the heat trough is disrupted. This paper has illustrated that the dryline is a prominent feature of the Australian climate, yet its importance in the mesoscale weather over Australia has received little attention. In particular, the role of the dryline in initiating convection over northern Australia invites further work. The differences between the dryline that develops in northern Australia and over the U.S. Great Plains have only been touched upon in this paper and warrant further research also.
